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ESTIMATION OF BODY MASS INDEX FROM THE 
METRICS OF THE FIRST METATARSAL 
TYLER E. DUNN 
ABSTRACT 
Estimation of the biological profile from as many skeletal elements as possible is 
a necessity in both forensic and bioarchaeological contexts; this includes non-standard 
aspects of the biological profile, such as body mass index (BMI). BMI is a measure that 
allows for understanding of the composition of an individual and is traditionally divided 
into four groups: underweight, normal weight, overweight, and obese. BMI estimation 
incorporates both estimation of stature and body mass. The estimation of stature from 
skeletal elements is commonly included into the standard biological profile but the 
estimation of body mass needs to be further statistically validated to be consistently 
included. The bones of the foot, specifically the first metatarsal, may have the ability to 
estimate BMI given an allometric relationship to stature and the mechanical relationship 
to body mass.  
There are two commonly used methods for stature estimation, the anatomical 
method and the regression method. The anatomical method takes into account all of the 
skeletal elements that contribute to stature while the regression method relies on the 
allometric relationship between a skeletal element and living stature. A correlation 
between the metrics of the first metatarsal and living stature has been observed, and 
proposed as a method for valid stature estimation from the boney foot (Byers et al., 
1989). 
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Body mass estimation from skeletal elements relies on two theoretical 
frameworks: the morphometric and the mechanical approaches. The morphometric 
approach relies on the size relationship of the individual to body mass; the basic 
relationship between volume, density, and weight allows for body mass estimation. The 
body is thought of as a cylinder, and in order to understand the volume of this cylinder 
the diameter is needed. A commonly used proxy for this in the human body is skeletal bi-
iliac breadth from rearticulated pelvic girdle.  
The mechanical method of body mass estimation relies on the ideas of 
biomechanical bone remodeling; the elements of the skeleton that are under higher 
forces, including weight, will remodel to minimize stress. A commonly used metric for the 
mechanical method of body mass estimation is the diameter of the head of the femur. The 
foot experiences nearly the entire weight force of the individual at any point in the gait 
cycle and is subject to the biomechanical remodeling that this force would induce. 
Therefore, the application of the mechanical framework for body mass estimation could 
stand true for the elements of the foot. The morphometric and mechanical approaches 
have been validated against one another on a large, geographically disparate population 
(Auerbach and Ruff, 2004), but have yet to be validated on a sample of known body mass.  
DeGroote and Humphrey (2011) test the ability of the first metatarsal to estimate femoral 
head diameter, body mass, and femoral length. The estimated femoral head diameter 
from the first metatarsal is used to estimate body mass via the morphometric approach 
and the femoral length is used to estimate living stature. The authors find that body mass 
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and stature estimation methods from more commonly used skeletal elements compared 
well with the methods developed from the first metatarsal.  
This study examines 388 ‘White’ individuals from the William M. Bass donated 
skeletal collection to test the reliability of the body mass estimates from femoral head 
diameter and bi-iliac breadth, stature from maximum femoral length, and body mass and 
stature from the metrics of the first metatarsal. This sample included individuals from all 
four of the BMI classes. This study finds that all of the skeletal indicators compare well 
with one another; there is no statistical difference in the stature estimates from the first 
metatarsal and the maximum length of the femur, and there is no statistical between all 
three of the body mass estimation methods. When compared to the forensic estimates of 
stature neither of the tested methods had statistical difference. Conversely, when the body 
mass estimates are compared to forensic body mass there was a statistical difference and 
when further investigated the most difference in the body mass estimates was in the 
extremes of body mass (the underweight and obese categories). 
These findings indicate that the estimation of stature from both the maximum 
femoral length and the metrics of the metatarsal are accurate methods. Furthermore, the 
estimation of body mass is accurate when the individual is in the middle range of the BMI 
spectrum while these methods for outlying individuals are inaccurate. These findings 
have implications for the application of stature and body mass estimation in the fields of 
bioarchaeology, forensic anthropology, and paleoanthropology. 
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CHAPTER 1:  INTRODUCTION 
There are several elements of the classic biological profile generated by biological 
anthropologists: ancestry, age at death, and sex. Stature is also one of these critical 
elements to the biological profile that has the ability to present individualizing 
characteristics in forensic contexts. In addition, body mass has begun to gain elevated 
status in recent decades as a component of the biological profile. Moreover, body mass 
index (BMI) of an individual can aid in identification.  
Due to differential preservation of human remains in both forensic and 
archaeological contexts, it is necessary to develop methods for estimation of body mass 
and stature from all skeletal elements where possible. The estimation of stature of from 
skeletal elements has been developed for various bones (Auerbach and Ruff 2010; Dayal 
et al. 2008; Duyar and Pelin 2003; Porter 1999; Radoinova et al. 2002; Raxter et al. 
2008; Sciulli et al. 1990; Steele 1970; Trotter 1970; Trotter and Gleser 1952), with the 
highest accuracy being through the predication of stature from intact long bones 
(Auerbach and Ruff 2010; Myszka and Piontek 2011; Ryan and Bidmos 2007; Steele 
1970). Widely accepted stature estimation methods also exist for fragmentary long bones 
(Chibba and Bodmos 2007; Holland 1992; Mysorekar et al. 1980; Simmons et al. 1990; 
Steele and McKern 1969; Steele 1970), and various other elements that exhibit an 
allometric relationship to stature (Auerbach and Sylvester 2011). The metatarsals have 
been shown to have an isometric relationship to stature, and thus are an adequate 
correlate with height of the individual (Byers et al. 1989).  
Two methods for the estimation of body mass that have been documented on 
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varying populations utilize bi-iliac breadth and femoral head diameter, both of which 
have been shown to be widely applicable (Auerbach and Ruff 2004; Auerbach and Ruff 
2005). The first metatarsal has also been shown to have high accuracy when estimating 
femoral metrics, which can be then used to estimate body mass (Auerbach and Ruff 
2004; De Groote and Humphrey 2011). These methods rely on the preservation of large 
and wholly intact elements of the skeleton and as such novel methods of BMI estimation 
from smaller skeletal elements with differential preservation need to be developed (Kurki 
et al. 2010). Estimation of BMI from skeletal elements usually relies on the utilization of 
several elements, such as the femur, tibia, and pelvic girdle. There is a necessity to 
develop methods for body mass estimation that utilizes single skeletal elements in that 
total preservation and recovery of several elements from the same individual is a seldom 
realized ideal. Often elements are damaged or not recovered and this would impinge the 
ability to utilize these methods for higher level skeletal analyses.  
 Morphometric and mechanical methods are the two theoretical approaches 
through which body mass can be assessed; the use of the first metatarsal would 
affectively encompass both of these ontogenetic perspectives. Morphometric assessment 
of elements is an analysis based on size, while mechanical considerations are based on 
differential bone development in weight bearing elements due to the environmental 
stressors the bone is placed under (Auerbach and Ruff 2004; Auerbach and Ruff 2005). 
The biomechanical relationship of the bones of the foot is such that a significant 
portion of the weight force of an individual passes through the head of the first metatarsal 
(Nordin and Frankel 2001), and the maximum metatarsal length has been shown an 
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adequate predictor of height (Byers et al. 1989), allowing for morphological as well as 
mechanical considerations of BMI though a single skeletal element. The habitual nature 
of the forces of locomotion through the foot allows the metrics of the first metatarsal to 
be a plausible predictor of the proportional weight of an individual, as remodeling would 
take place to minimize the forces going through that bone (Pearson & Lieberman 2004). 
With a large enough sample size, it is the goal of this study to compare the predicative 
equations from the metrics of the first metatarsal for BMI to the more commonly used 
methods, as well as to better understand the comparative accuracy of various stature, 
body mass, and BMI estimation techniques. 
 BMI is defined as the body mass of an individual divided by the square of the 
stature of the same individual. 
2))((
)(
mStature
kgBodyMass
BMI 
 
Although public health and nutrition literature have explored BMI extensively with 
respect to extant population health dynamics (Finucane et al. 2011) the ability to 
understand body mass, stature, and BMI from a skeletal assemblage is an understudied 
aspect of the biological profile. In the forensic literature, body mass is an often utilized 
component of the biological profile but, with respect to the anthropological approaches to 
forensics body mass is not an element of the classic biological profile as the statistical 
validity of body mass estimation from the skeleton is lacking. If techniques for the 
estimation of body mass index are further developed, they will have the ability to further 
individualize a set of unidentified skeletal remains.  
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 From an archaeological perspective, estimation of body mass, stature, and body 
mass index, has the ability to inform both the bioarchaeology of populations and of the 
individual (See Martin et al. 2013 for further discussion). Similar to the application of 
body mass index in forensic anthropology cases, body mass can be utilized to further 
understand aspects of the individual. Population based bioarchaeology can be informed 
by one’s ability to more accurately understand BMI from skeletons.  Population level 
understanding of BMI allows for further investigation into the nuances of nutrition 
availability, resource distribution, and societal stratification. Knowing the comparative 
BMI both within and without a population has the ability to inform several facets of a 
bioarchaeological investigation.  
This study aims to evaluate the use metrics of the first metatarsal as a direct 
predictor of body mass, and compare it to the two commonly utilized methods of BMI 
estimation through more robust skeletal elements. This introduction has contextualized 
the need for methods of stature and body mass estimation from atypical skeletal elements. 
The following section will outline the methods that are commonly used, and discuss cases 
in which the first metatarsal has been used to understand aspects of the individual. 
Chapter 3 outlines the protocol and materials utilized in this study and Chapter 4 will 
present the findings of this study. Lastly the discussion and conclusion sections touch on 
the implications for this study to the broader fields of bioarchaeology and forensic 
anthropology ending with commentary on the possible applications of the methods of 
stature and body mass estimation from the first metatarsal. 
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CHAPTER 2:  PREVIOUS RESEARCH 
 Preservation of the osteological elements of the human foot is highly variable and 
dependent on the taphonomic history and depositional environment of the skeletal 
assemblage. The elements of the foot are robust which aides in their preservation, but 
given their size, both recovery and taphonomic destruction are common. The elements of 
the foot are commonly relocated by carnivores, fluvial, and geological activity relative to 
the rest of the body and recovered separately (Bello et al. 2003; Bello et al. 2006; 
Andrews 1990; Waldron 2008). Pokines and Baker (2013) discuss a common taphonomic 
signature in the preservation of the elements of the feet and hands, “boot and glove 
taphonomy (p. 79).” In post-Korean war settings throughout Southeast Asia it is common 
to find excellent preservation of the elements of the foot in that they were usually 
enclosed in a standard issue boot and protected from the commonly destructive 
environmental taphonomic forces. Given the compact yet dense nature of most pedal 
elements, these elements are often well preserved relative to more fragile skeletal 
elements (Bello et al. 2002; Defleur et al. 1993; Guthrie 1967). Of the elements of the 
foot, the first metatarsal is one of the best preserved (Bello & Andrews 2006; Waldron 
2008). The differential preservation of the elements of the skeleton can bias an 
assemblage toward the elements of the foot creating a need for generation of the 
biological profile solely from these discrete elements.  
Osteometric measurements can be used to inform all levels of the biologic profile. 
For example, FORDISC 3.0 relies on metric data for the estimation of ancestry, sex, and 
stature (Jantz and Ousley 2005) In addition, juvenile age-at-death is estimated from long 
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bone metrics as is adult stature (Auerbach and Ruff 2010; Dayal et al. 2008; Duyar and 
Pelin 2003; Radoinova et al. 2002; Raxter et al. 2008; Sciulli et al. 1990; Steele 1970; 
Trotter and Gleser 1952). 
In osteological studies, any repeated measurement needs to be validated for both 
accuracy and precision: accuracy is the relative proximity of the estimated answers to the 
correct answer, and precision is how close the estimates are to one another (Ousley 
1995). A discussion of the nuances of accuracy and precision is critical when estimating 
elements of the biological profile as these elements may be subject to systematic error, 
which may be controlled for. This discussion is especially true when using self-reported 
information as system systematic bias would be introduced (Willey and Falsetti 1991).  It 
is critical to control for systematic biases as any minor fluctuations in a metric would 
compound the error given that the estimates for both stature and body mass are orders of 
magnitude larger than the metrics they rely on. To address this, the estimation methods 
used in this study are compared to both the self-reported forensic estimates and to other 
estimates based on skeletal methods (Wilson et al. 2010). The ability to apply these 
calculations to any forensic or bioarchaeological population is dependent on the 
reliability of the initial measurements, and as such inter- and intra-observer error rates are 
calculated for this study.  
 Several forensic cases have been presented wherein the elements recovered have 
been limited to the foot. Beginning in the summer of 2007 several tennis shoes containing 
feet washed ashore on the coast of Washington State and Southern British Columbia, the 
origin of these feet are still unknown but any individualizing characteristics to limit the 
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pool of candidates for possible identification would assist law enforcement agencies in 
the investigation of these remains (Lynch 2014). Given the variable nature of criminal 
activity, and the unpredictable extremes to which criminals go to dispose of and conceal 
human remains, it is necessary to have an ability to estimate the biological profile from as 
many discrete skeletal elements as possible.   
Stature Estimation 
The correlation of osteometric measurements and living stature was realized early 
in osteological inquiry. Rollet (1888) collected several osteometrics from a French 
sample consisting of 100 total individuals—50 males and 50 females; this information 
served as the basis for the calculations of regression equations for stature estimation 
proposed in the next decade by Manouvreir (1893) and Pearson (1899). Pearson (1899), 
emphasizing the need for population specific regression formulae, noted that “the 
extension of the stature regression formulae from one local race – say, modern French – 
to other races – say Palaeolithic man – must be made with very great caution [as] stature 
is quite…[a] marked racial character (p. 177)”. 
There is extensive literature pertaining to the estimation of stature from 
osteological elements in both forensic and bioarchaeological spheres. Two methods for 
the estimation of stature from skeletal elements exist: the anatomical or Fully method and 
the regression method (see Willey 2009 for a review). The anatomical method utilizes the 
vertical dimensions of all of the skeletal elements that contribute to height then, after 
adding a soft tissue correction factor, calculates living stature of the individual. This is 
often attributed as the most accurate method for stature estimation, but relies on the 
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presence and full preservation of the majority of the skeleton. Forensic and 
archaeological contexts rarely offer such high preservation, creating a severe limitation to 
the applicability of this method in these contexts (Fully 1956; Fully and Pineau 1960; 
Raxter et al. 2006; Raxter et al. 2007). 
Conversely, the regression method presents the ability to utilize discrete skeletal 
elements based on the allometric relationship between a skeletal element and living 
height. The skeletal elements that contribute most to living height, such as the femur or 
the tibia, have been shown to have the least systematic error when estimating living 
stature, and the skeletal elements with less contribution to height often have a higher 
systematic error rate (Trotter and Gleser 1952; Willey 2009). Stature can also be 
regressed from fragmentary long bones and the osteometrics of the skull, but the 
relationship of intact long bones to stature is regarded as the most accurate (Bidmos 
2007; Chibba and Bidmos 2007; Holland 1992; Mysorekar et al. 1980; Ryan and Steele 
1970; Simmons et al. 1990; Steele and McKern 1969). Given this, the relationship of 
long bones to total living height has been thoroughly explored and is often used in 
forensic and bioarchaeological contexts.  
Several authors have presented both population specific and global regression 
equations for the estimation of stature from osteological elements (Trotter and Gleser 
1952; Steele 1970; Sciulli et al. 1990; Radoinova et al. 2002; Duyar and Pelin 2003; 
Dayal et al. 2008; Raxter et al. 2008; Auerbach and Ruff 2010). The implications for 
potential error based on sexual dimorphism within a population and variation between 
populations must be acknowledged as they can contribute to differences in error rate of 
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stature estimation. Sex based population specific regression equations for the estimation 
of any element of the biological profile are essential to ensure the least systematic error 
within their estimates (Smith 1997). The maximum lengths of the long bones are the most 
common element for the estimation of stature from the regression method (Wilson et al. 
2010). Trotter and Gleser (1952) present a series of equations derived from the records of 
World War II troops based on the populations of ‘American White’ or European-
Americans and of ‘American Negro’ or African-Americans. This publication is widely 
considered one of the most through investigations into allometric relationship between 
long bone length and living stature. The equations that are derived in several publications 
authored by Trotter and Gleser are still used in modern forensic case work and are 
utilized by programs such as FORDISC 3.0 (Jantz and Ousley 2005).  
The estimation of stature from the bony elements of the foot is relatively limited 
(Bidmos 2006; Holland 1995; Meadows & Jantz 1992). Byers et al. (1989) present a 
method for the estimation of stature based on a multivariate analysis of all 5 of the 
metatarsals with a sample of 130 European-American and African-American individuals. 
The analysis found that the first and second metatarsals are the best predictors of living 
stature. This analysis was validated and applied to a series of novel populations such that 
the method can be used with a degree of confidence in many forensic and archaeological 
contexts (Bidmos 2008; Cordeiro et al. 2009). 
With reverence to the forensic context, the stature of an individual is one of the 
critical elements of the biological profile but is subject to reporting bias on several levels. 
In the American setting, antemortem stature information for the majority of individuals 
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that enter the forensic anthropological record is obtained from their driver’s license 
(Willey and Falsetti 1991). It is not uncommon for the reported height of the driver’s 
license to be exaggerated, out-of-date, or minimized (Willey and Falsetti 1991). The 
slight difference between the actual or biological and forensic stature is a critical issue 
when estimating stature within a forensic context and my delay or obstruct positive 
identifications (Ousley 1995).  
Body Mass Estimation 
The estimation of body mass from skeletal elements is necessary to fully 
understand both forensic and archaeological aspects of human skeletal remains. These 
methods include analysis of musculoskeletal stress markers, the utilization of various 
osteometrics, and the comparative allometric relationship of multiple skeletal elements; 
the majority of the associations of osteometrics and body mass rely on the theoretic basis 
presented by Wolff’s law of bone remodeling to environmental stressors (Pearson and 
Lieberman 1991). 
 The remodeling that takes place during ossification is especially susceptible to 
the constraints of Wolff’s Law (Ruff et al. 1991; Ruff et al. 2006) and chondral modeling 
theory (Frost 1979). Simply put, when a joint or area of bone is subject to higher 
biomechanical forces, the underlying chondral scaffolding will remodel accordingly 
(Frost 1999; Hamrick 1999). For example, this theory applies to the formation of larger 
articular bone surfaces as the bone undergoes constant biomechanical stressors, through 
the course of locomotion often depending on body mass. Although many of the 
physiological nuances of Wolff’s law are unknown (Bertram & Swartz 1991), the 
 11 
underlying rationale in that the bone responds as a reaction to lessen the biomechanical 
stresses remains sound.  
Auerbach and Ruff (2004) compared the two most widely used methods in the 
calculation of body mass: morphometric and mechanical analyses. Morphometric 
analysis is based on the relationship between size of skeletal elements and mass of the 
individual. Bi-iliac breadth is commonly used in order to calculate an estimate of the 
volume of the individual and then estimate body mass. Mechanical analysis of body mass 
is the measurement of weight bearing skeletal elements, and is theoretically based on the 
reactionary bony response to the stressors of body mass, for this the femoral head is 
commonly used.  
Both of these methods prove to be equally acceptable techniques for the 
estimation of body mass (Auerbach and Ruff 2004), although some systematic errors are 
observed depending on the specific sample being examined (Ruff 2000; Ruff et al. 2005; 
Vercellotti et al. 2011). Auerbach and Ruff (2004) applied the appropriately population 
specific stature and body mass estimation equations to compare these methods (Ruff et 
al. 1991; Ruff et al. 1997; Trotter & Gleser 1952). These methods were further validated 
by Ruff and colleagues (2012) in a sample size of 1145 European individuals. 
Although dialogue in the literature is limited, the ability to understand the 
relationship of the bones of the foot to body mass has been investigated, mostly with 
reverence to understanding body mass and shape of non-human hominins (DeSilva et al. 
2010; Marchi 2010; Proctor 2010; Rafferty et al. 1995). Griffin et al. (2008) utilized the 
geometric mean lean of the bones of the foot as a proxy for body size in an 
 12 
archaeological assemblage from Mangaia, and DeGroote and Humphrey (2011) utilized 
the metrics of the first metatarsal to understand the size correlation of this element to 
other elements as well as body size. The relationship between the elements of the foot 
and body size needs to be further explored in its applicability to both forensic and 
bioarchaeological settings.  
Several studies have utilized the relationship of the size and geometric principles 
of the human body in relation to its mass to understand aspects of body mass from 
skeletonized or fossilized remains. The widest application of the methods of body mass 
estimation has been employed by the field of paleoanthropology in order to understand 
the lifeway’s of extinct primate forms. As previously discussed, Auerbach and Ruff 
(2004) validated two common methods for body mass estimation in modern humans 
based on different theoretical frameworks. These authors found that when compared to 
each other, the mechanical and morphometric approaches to body mass estimation have 
little difference with respect to the population average of the study sample which 
consisted of 1173 individuals from different geographic origins. The approaches analyzed 
use the bi-iliac breadth, stature estimates form the maximum length of the femur, and 
femoral head diameter; thus these methods would require the preservation of a complete 
pelvic girdle and of the femur to be applied. Based on the variable preservation of these 
elements, other methods of body mass have been derived although the estimation of body 
mass from the elements of the foot is limited.  
DeGroote and Humphrey (2011) investigate several of the metrics of the first 
metatarsal as a potential predictor of both the metrics of the femur and of body mass. The 
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predicated femoral metrics are applied to the Auerbach and Ruff (2004) equations to 
estimate body mass. Using a sample of 87 skeletal individuals from different geographic 
origin the authors utilized five metrics of the first metatarsal (metatarsal length, 
dorsoplantar diameter of the proximal and distal articulations, and the mediolateral 
diameter of the proximal and distal articulations) to develop a series of correlative 
equations to estimate femoral head diameter, body mass, and femoral length. The 
estimation of the femoral head diameter was best correlated with the proximal 
dorsoplantar diameter and the distal mediolateral diameter of the first metatarsal with a 
standard error of the estimate of 1.912mm and a correlation coefficient (r) of 0.922. The 
body mass correlation equations with the metrics of the first metatarsal utilized the 
proximal dorsoplantar diameter and the distal mediolateral diameter with a standard 
estimate of the error of 4.144kg and a correlation coefficient (r) of 0.917. Lastly the 
femoral length estimation based on the metatarsal metric of all individuals in this sample 
utilized the proximal dorsoplantar diameter and the metatarsal length to achieve a 
standard error of the estimate of 19.201mm and a correlation coefficient (r) of 0.818. 
Based on the equations derived from this study, the authors discuss the utility of the 
bones of the foot as an adequate predictor of both the metrics of other areas of the 
skeleton as well as body mass. 
Body Mass Index 
 Body mass index incorporates both body mass of the individual as well as stature; 
as such, accurate estimation of these two aspects of the individual are critical in arriving 
at an accurate estimation of BMI.  
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Understanding BMI of an individual and population are essential in both forensic 
and bioarchaeological contexts. From an archaeological perspective BMI can lead to a 
better understanding of the place of the individual within a population, and in forensic 
applications BMI can drive identification of the individual by estimating an additional 
individualizing characteristic. BMI has traditionally been divided into four groups which 
reflect the body type composition of an individual as seen in Table 2.1. 
Table 2.1. Commonly Used BMI Categorization  
Group Identifier BMI 
Underweight <18.5 
Normal 18.5-24.9 
Overweight 25-29.9 
Obese 30+ 
 
The BMI distribution of a population can help glean an understanding of several 
archaeological facets such as nutritional profile, resource allocation, social stratification 
and other higher levels of analyses. BMI estimation has long been used to comparatively 
understand population differences, but also has forensic applications. Along with the 
biologic profile, an understanding of the body mass index of an individual can prove 
another line of individualization that can assist in ascertaining a positive identification. 
Given that body mass index incorporates both body mass and stature it is critical that any 
error in these estimates be minimized as it would be compounded in the calculation of 
BMI. Some literature suggests that the bones of the foot, subject to the biomechanical 
stressors of walking, can provide a viable estimate for body mass, and stature, and 
2))((
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therefore body mass index (Bidmos 2008; Byers et al. 1989; Cordeiro et al. 2009; 
DeGroote and Humphrey 2011).  
Wolff’s Law and Chondral Modeling Theory 
The idea that the skeleton responds to the stressors that it is placed under is not 
new to bioanthropological discussion, its experimental investigation beginning with 
Julius Wolff in 1892. Moreover, since the late 19th century, Wolff’s Law has been a 
fervent area of research. Despite over a century of work, the precise mechanisms and 
physiology that cause this response are still largely not understood, yet are the basis for 
several bioarchaeological and forensic techniques. In order to understand the life history 
of the individual from skeletal remains it is critical to understand the mechanics and 
development of the skeleton as it responds to external stressors. In its simplest form, 
Wolff’s Law provides a basis for understanding that bones will undergo stressors and in 
response to those stressors undergo morphological change. Bones respond to 
musculoskeletal and environmental stressors they are subjected to via the process of 
mechanotransduction, in which the cells of the bone can respond to mechanical stimuli 
(Moore 2013). These mechanical stimuli and subsequent remodeling of bone leads to a 
functional adaptation where the stressors on that element are minimized and thus the 
energetic efficiency is maximized due to the lessened muscular action needed. These 
changes are physiological mechanisms to minimize stressors on the bone through 
remodeling. In the case of this project the mechanical stress inducing bone remodeling is 
the weight force interacting with the ground. 
The bones associated with supporting the weight of the individual and locomotion 
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are especially susceptible to this remodeling (Schmidt-Nielsen 1984). The post-cranial 
skeleton is subject to a paradox of skeletal energetics, as the bones must be both strong 
enough for support, but light enough for locomotion (Rubin et al. 1990). Given the broad 
scope of Wolff’s Law, several scholars have offered varying levels of critique on its 
ability to explain functional adaptation given that there is little understanding of the 
physiological mechanics that underlie this mechanotransductionary process (Bertram and 
Swartz 1991; Cowin 2001; Moore 2013; Pearson and Lieberman 2004). The intricacies of 
bony response to mechanical and biological stressors are in need of further investigation. 
Regardless of the biological processes at play on the physiological level, bony adaptation 
to loads has the ability to help understand the functional adaptation of the individual and 
as such body mass (Carter et al. 1991; Moore 2013).  
Mechanics of Walking 
The mechanical method of body mass estimation relies on the remodeling of bone 
based on the forces that the bone is subject to. A commonly used element for this 
measure is the FHD but due to the nature of the movement of the weight force in habitual 
locomotor bipedalism of humans the head of the first metatarsal may also have the ability 
to be a proxy for body mass.  
The pattern of typical bipedal locomotion consists of two main interactions with 
the substrate; these are the heel-strike and toe-off phases (Nordin and Frankel 2001). In 
modern humans habitual bipedalism there is a prolonged period of time in the gait cycle 
during which the entire weight force of the body is supported by one leg. With higher 
speed locomotion, the forces interacting in the skeleton are greater and as such more 
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force than the weight force of the individual is driven through the leg and foot to the 
ground. At the heel strike, the moment in which the foot first comes into contact with the 
ground, all of the weight-force of the individual is driven through the calcaneus. The 
calcaneus has ligamentous attachment associated with both stability and force of 
locomotion, which may confound the correlation of the metrics of this element with body 
mass index. 
The toe off phase is markedly more complex with respect to the bony interactions 
within the foot, in that there are several more bones interacting with each other in order to 
change the direction of the force vector to produce forward movement. Nordin and 
Frankel (2001) estimate that, at times, 2-3 times the weight force of the individual may 
pass through the head of the first metatarsal. All the metatarsals experience forces during 
the toe off phase, and these forces diminish with lateral numbering of the bone, that is to 
say that further from the sagittal plane the respective metatarsal is in anatomical position 
the less force that metatarsal head will experience during forward locomotion (Nordin 
and Frankel 2001; Saraffin and Kelikian 2011a).  
Through the cycle of bipedal gait the weight of the individual is transferred 
through several joints in the skeleton. The sacroiliac joint, the acetabulum, the knee, the 
ankle, and the heel all experience the weight force of the individual as it is transferred to 
the substrate. Even though some of the forces of locomotion have been transferred to the 
ground, in order to move the mass of the body forward a substantial portion of the weight 
force must for through the forefoot (Nordin and Frankel 2001; Saraffin and Kelikian 
2011a).   
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The Use of the Bony Foot in Biological Anthropology 
Stature 
Several authors have described methods for utilizing the osteology of the foot to 
assess life history patterns and elements of the biological profile, including stature, sex, 
and age. The earliest example of the utilization of the length of the metatarsals to estimate 
stature is Byers et al. (1989) in which the authors utilize length measurements of all 10 
metatarsals on a sample of 130 individuals with known race, sex, stature, and, in most 
cases, age. All individuals utilized are African- or European-American from the Terry 
Collection at the Smithsonian Institute and Maxwell Museum of Anthropology at the 
University of New Mexico. The authors found significant correlation between known 
stature and foot bone length. The standard errors of the estimate of stature was larger than 
that of stature calculated from intact long bones, but is comparable to that of fragmentary 
long bones (Table 2.2) as shown in the table reproduced below from Byers et al. 1989 
from European-American males and females.  
 
Table 2.2. Standard Errors of the Estimate for Stature Estimation, 
Reproduced from Byers et al. 1989.  
 
Bone Male Females 
Complete  
Humerus 4.1 4.5 
Radius 4.3 4.2 
Ulna 4.3 4.3 
Femur 3.3 3.7 
Tibia 3.3 3.7 
Fibula 3.3 3.6 
MT1 6.3 5 
MC1 5.5-5.8 5.5-7.2 
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Fragmentary  
Humerus 4.8-5.3 5.1-5.4 
Femur 3.9-4.4 4.8-4.9 
Tibia 4.2-5.5 4.7-5.7 
 
The authors found that the estimated correlation coefficient (r) for the combined 
estimate of the stature estimation from the first metatarsal was 0.79 and the standard error 
of the estimate from the same combined sample is 65.4mm. Although Byers et al. limited 
the discussion of their method to the application to historic and prehistoric populations; 
there are obvious applications to forensic contexts.  
Bidmos (2008) also discusses the utility of the metatarsals to estimate stature but 
in the application to a population specific context, in this case that of South Africans from 
the Raymond A. Dart collection housed at the University of the Witwatersrand, 
Johannesburg. 226 individuals of both indigenous South Africans (n=113) and South 
Africans of European decent (n=113) were utilized. Similar to Byers and colleagues 
(1989), Bidmos (2008) found that the metrics of the metatarsals are a better predictor of 
stature, based on the standard error of the estimate, than fragmentary long bones but 
intact long bones are more accurate. The equations derived from this study have 
correlation coefficients (r) ranging from 0.42-0.72 and the standard estimate of the error 
ranging from 4.14-5.80cm. Bidmos expanded his discussion, with the inclusion of 
population specific patterning, to the application of these methods to forensic contexts.  
The estimation of stature from the metrics of the first and second metatarsals has 
also been validated on a Portuguese sample by Cordeiro and colleagues (2009). These 
authors utilized a sample of 110 individuals in which both the first and second 
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metatarsals were removed from documented cadavers of known stature. The maximum 
length of the second metatarsal was found to offer the best correlation to stature for this 
sample. The correlation equation of physiological length of the first metatarsal to stature 
was found to be in the range of that found by Bidmos (2008), and Byers et al. (1989), 
with a correlation coefficient (r) of 0.702 and a standard estimate of the error of 55.2 mm 
for an individual of unknown sex. Similar to the South African sample, the authors 
discuss the need for population specific estimates of the aspects of the biologic profile 
from disparate bones. 
Bidmos (2006) also assessed the metrics of the calcaneus in the reconstruction of 
adult stature with South African sample of European descent (n=85) from the Raymond 
A. Dart skeletal collection housed at the University of the Witwatersrand, Johannesburg, 
South Africa. Nine calcaneal osteometrics were applied to a multivariate analysis to 
determine the measurements that have the highest correlation with stature. Bidmos (2006) 
found that the multivariate equations for the estimation of stature had correlation 
coefficients (r) ranging from 0.74-0.81 and a standard estimate of the error ranging from 
4.22-4.55cm. This method, similar to Bidmos (2008) and Byers et al (1989), is more 
accurate according to the standard error of the estimate than fragmentary long bones but 
is less accurate than most intact long bones. Similarly Holland (1995) investigated the 
utility of the calcaneus and talus to estimate adult stature from a sample of 100 
individuals from the Hamann-Todd Collection at the Museum of Natural History in 
Cleveland, Ohio. This sample was equally split with regards to both sex and ancestry (i.e. 
black and white individuals). Three metrics of the hind-foot were used: maximum length 
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of the calcaneus, posterior length of the calcaneus, and maximum length of the talus. 
Based on the sample included in the linear regression, dependent on ancestry and sex the 
standard estimate of the error ranges from 4.09-6.11cm. The error range of these metrics 
makes the accuracy of this method comparable to other stature estimation methods from 
the elements of the boney foot.  
Sex 
 There is a considerable body of literature on the estimation of from skeletal 
remains specifically from the bones of the foot, there is also an opportunity to apply 
methods that have been discussed by several authors to sex skeletons based on the 
osteometrics of postcranial elements.  Pearson’s 1915 article has been discussed as the 
seminal application of the osteometrics of the postcranial skeleton to determine sex, this 
practice was further investigated by Spradley and Jantz (2011) with the application of 
several standard osteometrics (Moore-Jansen et al. 1994) to develop a population specific 
method for element based sex estimation. The purpose of this study was to compare the 
method discussed by Pearson (1915) to the non-metric standard sex estimation 
characteristics that are commonly utilized in forensic contexts (Walker et al. 1988). This 
method could be applied to the osteometrics of the first metatarsal, in which the 
investigated population would be used to create a sectioning point and would have the 
ability to determine sex based on the relationship of this individual to the populational 
specific sectioning point. A sectioning point, as discussed by Spradley and Jantz (2011) is 
the midpoint of a naturally distributed population, with males and females being 
represented in equal proportion, at which metric values above this population mean could 
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be considered male and a smaller value conversely female. A sectioning point should 
have the ability to be calculated from any population in which the proportion of males to 
females is known. These studies rely on the overall robusticity of skeletal elements in 
males compared to females, and the investigation of sex based metric values or 
morphology, specifically on the elements of the foot, also relies on this theoretical 
framework.  
 Case and Ross (2007) examine the lengths of the bones of the hands and feet to 
estimate sex with a sample from the Terry Collection consisting of 123 white females and 
136 white males. The maximum lengths of the metatarsals exhibited a 74.1% correctly 
pooled cross-validation rate for the all five pooled lengths. Although the bones of the 
hand show a more correct pooled cross-validation rate, the metatarsals also show a 
relatively high classification rate. Similarly, Gualdi-Russo (2007) applied a method of 
sex estimation to the talus and the calcaneus on a modern Italian sample from the 
Frassetto Collection at the University of Bologna, Italy consisting of 118 skeletons. The 
sexual dimorphic robusticity of these elements in this population is marked, and thus 
contributes to the relatively successful classification percentage of 87.9-95.7% depending 
on the location of origin and sex of the subsamples utilized.   
Age  
The ossification of the first metatarsal does not follow the typical trajectory of the 
other four metatarsals. Scheuer and Black (2000) describe the first metatarsal as behaving 
more like a proximal phalanx rather than a true metatarsal in all aspects of ossification 
and fusion. The primary ossification center of the first metatarsal appears at 8-10 fetal 
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weeks as the endochondral ossification of the shaft. True metatarsals develop with a 
secondary ossification center being preset at the head, but the first metatarsal has a 
secondary ossification at the base of the bone which is presented as a distinguishable 
element at 6-7 years old. A pseudo-epiphysis has been describes in the literature as being 
a variably present ridge of bone at the distal end of the first metatarsal which eventually 
fully coalesces with the rest of the element, but given that this is not a secondary 
ossification center not describes as a true epiphysis. This pseudo-epiphysis is thought to 
be a normal stage in the physeal invasion of the primary ossification center in to the 
region of the head of the metatarsal and normally appears between the ages of 4-5 years. 
(Sarrafian and Kelikian 2011a) 
Life history 
 Aspects of the life history from the bones of the foot have the ability to be 
assessed, such as gait pattern, habitual movement, and aspects that can inform the 
biocultural practices within a population. Ubelaker (1979) discusses the presence of an 
accessory articular facet on the dorsal aspect of the first metatarsal, second metatarsal, 
and proximal pollical phalanx in several archaeological populations from South and 
Central America. This facet has been attributed to habitual kneeling, given that the body 
weight produces a high joint reaction force at the location of the intersection of these 
three bones when the body is in a kneeling position. The conjectured practice that may 
have created these facets at the metatarsophalangeal joint is due to hyperdorsiflexion, 
based on biocultural corroboration, for food preparation. The most common method for 
this sample would have been grinding corn; in the study sample this was supported by the 
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higher incidence of the ‘kneeling facet’ in the females within the population.  
 Similarly, Weiss (2006) investigated the relationship between body mass, 
osteoarthritic change and age with specific focus to the joints of the lower limb. Utilizing 
skeletons of 114 adult prehistoric Californian Amerindians, the author found no 
relationship between estimated body mass and osteoarthritis but did find a correlation 
based on age. This study highlights both the intricacies of body mass estimation and the 
difficulty in ascribing an etiology to osteoarthritic conditions.  
 Sarrafian and Kelikian (2011a) comment on the ability to discuss gait based on 
the wear patterns of the first metatarsal given that a significant fraction of the weight 
force of the body passes through this bone. There is normal variance within a population 
to have the development of a facet for the articulation of the second metatarsal at the base 
of the first metatarsal (Sarrafian and Kelikain 2011b). Although the function of this 
accessory facet is disputed, there is likely a correlation with the distribution of the weight 
force of the individual through the forefoot. Elements of the posterior foot have also been 
discussed as a possible indicator of gait pattern and arch anomalies.  
 Osteological elements of the foot can also be indicative of other habitual 
locomotor patterns. The mode of bipedality of an individual has effects on the other 
elements of the postcranial skeleton, thus the conformation of the bones of the foot has 
some ability to predict osteological markers elsewhere in the skeleton.  
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Metric Reliability 
 Any data set based on osteometrics needs to be certain of the validity of the 
measurements in order to make any higher level theoretical inferences from the data. 
Adams and Byrd (2002) discuss the importance of inter-observer concordance in order 
for the results of analyses to be reliable. Direct measurement has the ability to objectify 
analyses, a critical element of empirical analyses in the physical sciences. In their article, 
Adams and Byrd also discuss the importance of inter-observer concordance in all fields 
of science by quoting the 1971 publication of On Growth and Form by biologist D’Arcy 
Thompson; “…numerical precision is the very soul of science, and its attainment affords 
the best, perhaps the only criterion of the truth of theories and the correctness of 
experiments (p. 1).” In the forensic context, objective empirical evaluation is critical 
given the Daubert standards and the Federal Rules of Evidence emphasis on the 
reliability of methods applied and known error rates of the respective methods. Without 
reliable metrics in the initial stages of application of a theoretic model, the empirical 
application of osteometrics would be unfounded. Inter- and intra-observer error rates 
allow for both the application of these methods to a forensic contexts as well as a higher 
degree of confidence in the higher level conclusions that may be made from the metrics 
taken.  
Pelvic Reconstruction 
 In order to estimate body mass based on the morphometric approach, the body is 
understood as a 3-dimensional volume with an average mass. Thus, once the volume of 
the body mass is calculated a correlation equation is applied to estimate body mass. In 
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order to calculate an approximate volume of an individual the body is thought of as a 
cylinder. The volume of a cylinder is calculated based on the area of its base and its 
height. For the body, in order to calculate the area of the base circle the bi-iliac breadth is 
needed as a proxy. Living bi-iliac breath is calculated by first reconstructing the 
anatomical conformation of the pelvic girdle to measure skeletal bi-iliac breadth, then 
adding a factor to get living bi-iliac breath to correct for the presence of soft tissue.  
 The ability to understand and accurately reconstruct the pelvic girdle to its 
anatomical position is critical to the estimation of any higher level analyses. This 
variation has been discussed in the literature, and the difficulties in reconstructing the 
pelvis from skeletonized dry bone samples have been noted. The measurement of bi-iliac 
breadth is difficult given the flaring nature of the os coxae and the general lack of 
stability in of all three of these elements when skeletonized. In the discussion of the Ruff 
(1994) publication the utilization and validation of the morphometric method offered for 
the reconstruction of the pelvic girdle is through “temporarily holding together the pelvic 
bones with rubber bands, without any compensation for soft tissue (p.82).” Tague (1989) 
states that “for measures of pelvic space, the hip bones and sacrum were articulated, and 
the pelvic was encircled with several heavy rubber bands. The pubes touched in the 
midline; no compensation was made for symphyseal disk (p. 60).”  
 In a recent analysis of the methods used to measure bi-iliac breadth with respect 
to shape variation by the pelvis, Bonneau et al. (2012) discuss the possible introduction 
of variation by the reassembly methods of the pelvis. When reconstructing the pelvis 
from dry bones, reconstructed shape is often different from the anatomical position than 
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would have existed in vivo. The cartilaginous tissue of the sacroiliac and pubic 
symphyseal joints is lost in dry bone specimens, accounting for this metric variation is 
critical in reconstruction of the bi-iliac breadth, and is corrected for by many authors with 
the use of a soft tissue correction factor. In contrast to this metric variation, novel shape 
characteristics may be introduced. These shape variations are likely due to the mobility of 
the sacroiliac joint, during life this joint allows for slight movement of the sacrum with 
respect to the ilia. This mobility causes instability in the process of reassembly. The 
author notes that although there is introduced artificial variation though the reassembly 
process it is small when compared to the biological variation between different 
individuals and therefore would not cause significant calculation or analytical error 
(Bonneau et al. 2012).  
 The use and formation of reliable methods for underutilized skeletal elements, 
such as those of the foot, are a necessity. In order to create these reliable methods, 
comparisons to known metrics as well as other skeletal methods of estimation are needed. 
The estimation of stature, body mass, and body mass index from the elements of the foot 
have the ability to inform the biological profile of the individual and could greatly benefit 
the field of biological anthropology.  
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CHAPTER 3:  METHODS 
Materials 
Skeletal Sample 
 In order to assess body mass, stature and body mass index 388 individuals from 
the William M. Bass Donated Skeletal Collection housed at the University of Tennessee-
Knoxville are utilized in this study. All individuals are classified into the ‘White’ 
ancestral group based on the pre-donor paperwork, which is completed either by the 
decedent or the next of kin prior to donation. The elements needed and analyzed are a 
femur, a first metatarsal and the pelvic girdle. All right sided elements are utilized where 
possible; if the right elements are unavailable or unusable due to pathological or 
postmortem modification the left element is used. The individual is excluded if both the 
left and right elements are unusable due to absence, pathology and surgical intervention, 
handling damage, or any form of alteration that would not allow the bone to represent the 
distances that would be produced via natural bone remodeling during the lifetime of the 
individual.  
 The William M. Bass Donated Skeletal Collection represents one of the largest 
modern forensic samples in the world, and is composed largely of specimens donated 
from the Eastern Tennessee region. For all individuals utilized in this study year of 
accession, sex, age-at-death, and ancestry are known. Several additional aspects of 
biological information are included, but are not present for every specimen: these include 
measured stature, forensic stature, cadaver stature, cadaver weight, estimated stature, and 
estimated weight. Several of these aspects of the biological profile are reported via pre-
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donor paperwork, and therefore likely reported by the individual.  
 Measured stature, forensic stature, cadaver stature, and estimated stature offer 
slight variances from one another. The measured stature is taken during the lifetime of 
the individual and is the most reliable measure of living stature; this is present for less 
than 10 of the specimens used in the sample. The cadaver stature is taken at the time of 
donation and is the measure from the most superior to the most inferior point on the 
specimen, if there is some derivation from the standard anatomical position this 
measurement would be unreliable. The cadaver stature is based on the maximum 
measurement from the most superior to the most inferior point on the cadaver, there is 
some inherent in this measurement in that the ankle of the individual may be flexed, or 
the neck may have a position that is not standard anatomical positioning. This measure is 
present for about 65% of the individuals utilized in the sample. Forensic stature is the 
stature reported by the individual to agencies that would require such information, most 
notably being on the driver’s licenses for American citizens. The estimated stature is 
reported by the individual or their next-of-kin on the pre-donor paper work for the 
collection, as such the forensic and estimated stature are the same in nearly all cases. A 
discussion of the vagaries of the differences of biological and forensic stature is offered 
by Ousley (1995) in which the possible biases that may exist based on the self-reporting 
of stature are highlighted.  
 Cadaver weight and estimated weight also have slight nuances in the William M. 
Bass Donated Skeletal Collection. The cadaver weight is measured at the time of 
accession and as such is highly reliable, but given that the cadaver scale was a recent 
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addition to the resources of the collection, it is absent in nearly all of the specimens. The 
estimated weight, like estimated stature, is reported on the pre-donor paper work by the 
donor or the next-of-kin and as such is open to various facets of reporting bias. This 
method has its intrinsic biases. 
 60.05% (233 individuals) of the sample is male, 39.95% (155 individuals) of the 
sample is female Figure 3.1 Individuals under the age of 20 are excluded as the likelihood 
that the individual would not have reached osteological maturity is high. The age 
distribution of the sample is seen in Figure 3.2. The average age of the distribution was 
63.84 years of age with a standard deviation of 13.69 years. The two (2) individuals with 
the age not listed are considered osteological adults as all of the epiphyseal lines are 
fused and the dental development is complete.  
 
 
Figure 3.1. Sex Distribution of the Utilized Sub-sample form the William M. Bass 
Donated Skeletal Collection. 
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Figure 3.2. Age Distribution of the Utilized Sub-sample from the William M. Bass 
Donated Skeletal Collection. 
 
 Each individual in the sample has an estimated stature and estimated weight. As 
these are the same as those that would be utilized by law enforcement agencies, the terms 
forensic weight and forensic stature will be used when referring to the estimates that 
came for the Bass collection records based on pre-donor paperwork. The body mass 
index distribution presented Figure 3.3 is based on the forensic weight and forensic 
stature, with three individuals not being able to be assessed in that one is missing an 
estimated stature and two missing an estimated weight.  
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Figure 3.3. BMI Distribution of the Utilized Sub-sample from the William M. Bass 
Donated Skeletal Collection. 
 
Osteometric Tools 
Several pieces of standard osteometric equipment are used. A PaleoTech portable 
osteometric board with millimeter resolution is used for the measurement of maximum 
length of the femur (MFL), bi-condylar femoral length (BFL) and the bi-iliac breadth 
(BIB). A set of digital sliding calipers with hundredth of a millimeter resolution is 
utilized for all other measurements. 
Pelvic Banding 
In order to assess the BIB the pelvic girdle of each individual must be 
reconstructed such that the maximum distance from ilia to ilia can be measured as if it 
was in anatomical position. This is most accurately and easily accomplished with three 
carefully placed rubber bands; one stretching from the edge of the right ilium to the left 
sciatic notch, another stretching from the edge of the left ilium to the right sciatic notch, 
and a third placed around the base of the sacrum and around the two ischia (Figure 3.4). 
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Prior to beginning measurements on the sample, the measurement of the bi-iliac breadth 
was practiced thoroughly on multiple individuals to ensure consistency.  
 
Figure 3.4. Example of a Method To Rubber Band the Pelvis to Measure BIB. 
 
Measurements 
 
 Eleven (11) osteometric distances are recorded: three (3) from the femur, one 
from the reconstructed pelvic girdle and seven (7) from the first metatarsal. The 
maximum length of the femur is the distance from the most superior point on the head of 
the femur to the most inferior point on the distal condyles and the bicondylar length of 
the femur is the distance from the most superior point on the head to a plane drawn along 
the inferior surfaces of the distal condyles (Buikstra and Ubelaker 1994). The anterior-
posterior diameter of the femoral head is the breadth measured across the femoral head in 
a parasagittal plane. Bi-iliac breadth is the distance between the ilia of the rearticulated 
pelvic girdle. All of the measurements of the first metatarsal are with the closest 
approximation to the anatomical positioning, to facilitate this; the diaphysis of the first 
metatarsal is either parallel or perpendicular to the measuring ends of the calipers 
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depending on the anatomical positioning of the bone. All measurements are summarized, 
with their abbreviations in Table 3.1. 
Table 3.1. Osteometric Distances, with Abbreviations, Instruments Utilized and 
Citation 
Measurement Abbreviation Instrument Utilize Citation 
Maximum Length of 
Femur 
MFL Portable 
Osteometric Board  
Buikstra and 
Ubelaker, 1994 
Bi-condylar Femoral 
Length 
BFL Portable 
Osteometric Board 
Buikstra and 
Ubelaker, 1994 
Anterior-Posterior 
Diameter of the 
Femoral Head  
FHD Digital Calipers Buikstra and 
Ubelaker, 1994 
Bi-iliac Breadth BIB Portable 
Osteometric Board 
Ruff, 1994 
Metatarsal Length MTL Digital Calipers De Groote and 
Humphrey, 2011 
Proximal Dorsoplantar 
Diameter 
DPP Digital Calipers De Groote and 
Humphrey, 2011 
Proximal Mediolateral 
Diameter 
MLP Digital Calipers White et al., 
2012 
Midshaft Dorsoplantar 
Diameter 
DPM Digital Calipers White et al., 
2012 
Midshaft Mediolateral 
Diameter 
MLM Digital Calipers De Groote and 
Humphrey, 2011 
Distal Dorsoplantar 
Diameter 
DPD Digital Calipers De Groote and 
Humphrey, 2011 
Proximal Dorsoplantar 
Diameter 
MLD Digital Calipers De Groote and 
Humphrey, 2011 
 
Inter- and intraobserver error 
 A randomly selected subset of the greater sample was culled to test for both and 
inter- and intraobserver error. This subset, consisting of 43 individuals and representing 
11.08% of the sample, was measured by the author and an independent observer to 
ascertain the respective intra- and inter-observer error rates. The independent observer 
was given the definitions of each of the measurements and asked to follow the same 
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protocol as the author. The mean average error rate between observers is 2.34% while the 
mean average error for intra-observer measures is 1.24%. The averaged percent error for 
each of the osteometrics is summarized in Table 3.2. 
Table 3.2. Inter- and Intra-Observer Percent Error Rates 
 MFL BFL FHD BIB MTL DPP MLP DPM MLM DPD MLD Mean 
Inter-
observer 
Percent 
Error 
0.47 0.44 0.51 1.10 4.52 1.99 3.16 4.07 3.45 2.88 3.14 2.34 
Intra-
observer 
Percent 
Error 
0.47 0.45 0.20 0.85 1.01 0.74 2.01 3.41 1.75 1.03 1.74 1.24 
 
When compared to various measures of interobserver error rates, such as the calculations 
of scaled error index by Adams and Byrd (2002), the error rates for this data set are 
comparable to several of the more commonly utilized osteometrics.  
Calculation of Estimates of Stature, Body Mass, and BMI 
 Following the protocol presented in Auerbach and Ruff (2004) BMI is estimated 
based on both the morphometric and mechanical methods while using the Trotter and 
Gleser (1952) equations for stature estimation. Using the morphometric method for body 
mass estimation, body mass is calculated from the living bi-iliac breadth via the presented 
regression equations. The living bi-iliac breadth is estimated from the skeletal bi-iliac 
breadth. A morphometric approach utilizing the maximum anterior-posterior femoral 
head diameter has been presented by Grine et al. (1995), McHenry (1992), and Ruff et al. 
(1991), and each of the equations is used on this sample, and the mean of these three 
estimates is taken to estimate the morphometric body mass. All three of these linear 
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regressions are utilized due to the various systematic biases embodied in each of these 
equations.  
Both of these body mass estimates are compared to one another via a student’s t-
test for statistical difference between the methods. The stature estimation regression for 
the BMI calculation is that derived from Trotter and Gleser (1952), using the maximum 
femoral length for the “White” ancestral group. The equations used in this study are 
summarized in Table 3.3, as adapted from Ruff and Auerbach (2004). 
Table 3.3. Equations for the Estimation of Stature and Body Mass from Skeletal 
Elements with Citations.  
Source Equation Sample Composition  
Trotter and Gleser 
(1952) 
S=2.38×MFL+61.41 (“white” males) Cadaveric United States 
“whites,” early 20th Century S=2.47×MFL+54.10 (“white” females) 
Ruff et al. (1991) BM=(2.741×FHD-54.9) ×.90 (males) 80 individuals from a 
Baltimore, MD population BM=(2.426×FHD-35.1) ×.90 (females) 
McHenry (1992) BM=2.239×FHD-39.9 4 sample means of North 
American males and 
females, African Pygmies, 
and Khoisan 
Grine et al. (1995) BM=2.268×FHD-36.5 10 sex-specific means of 
African Americans, 
European Americans, and 
Native Americans 
Ruff et al. (1997) BM=0.373×S+3.033×LBIB-82.5 (males) 56 sex-specific means of 
worldwide modern humans BM=0.522×S+1.809×LBIB-75.5 (females) 
Ruff (1994) LBIB=1.17×SBIB-3 Sub-Saharan Africans, SE 
Asian, N Asian and 
European.  
S=Stature(cm), MFL=Maximum Femoral Length(cm), BM=Body Mass(kg), 
FHD=Femoral Head Diameter(mm), LBIB=Living Bi-iliac Breadth(cm), SBIB=Skeletal 
Bi-iliac Breadth(cm) 
 
To assess the characteristics of stature and body mass from the first metatarsal the 
linear regression equations presented by De Groote and Humphrey (2011) are utilized. 
One of the BMI estimates is made from the estimate of body mass directly from the first 
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metatarsal and the other BMI estimate is calculated from the body mass calculation that 
first uses FHD estimated from the first metatarsal. The equations utilized for the method 
derived from De Groote and Humphrey (2011) are summarized in Table 3.4 The 
equations with the lowest percent standard estimate of the error from the original 
publication are used here.  
Table 3.4. Femoral Head Diameter, Body Mass and Femoral Length Estimation 
Equations as Presented by De Groote and Humphrey (2011).  
Aspect Estimated Regression Equation SEE %SEE 
Femoral Head 
Diameter 
(1.349×DPP)+(0.424×MLD)-2.578 1.912 4.50% 
Body Mass (2.900×DPP)+(0.911×MLD)-38.450 4.144 7.01% 
Femoral Length (5.926×DPP)+(2.861×MTL)+90.024 19.201 4.58% 
 
In order to understand the differences between the comparisons of the elements 
discussed, both the raw directional difference and the percentage directional difference 
are presented. The raw directional difference is a representation of the how two sets of 
data vary based on one another and the percentage directional difference is essentially the 
same calculation with contextualization of the raw directional difference as a part of the 
whole. 
𝑅𝑎𝑤 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑑𝑖𝑓𝑓𝑒𝑟𝑛𝑐𝑒 =
𝛴𝑦
𝑛
−
𝛴𝑥
𝑛
 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =
𝑅𝑎𝑤 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝛴𝑥
∗ 100  
Each of the comparisons is also statistically compared using a student’s t-test to 
understand the likeness of the two compared samples. 
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Biases 
 All of the samples are also analyzed for biases with regard to sex, age and BMI 
within each method of analyses to understand possible areas of systematic error. The 
systematic biases introduced by other aspects of the biologic profile are assessed by 
separating each sample into their respective categories. Sex is divided into male and 
female, age categorized by the decade of age that the individual was at death and the BMI 
comparison was divided into the four commonly used categories of underweight (<18.5), 
normal weight (18.5-24.9), overweight (25-29.9) and obese (30.0+).  Each of the 
respective categorizations is averaged to understand the population mean for each 
division for both the estimates derived from the metrics of the first metatarsal and the 
sample estimates based on information provided by the Bass collection. Each grouping 
for the first metatarsal metric estimates is compared to their correlate forensic estimate 
based on antemortem information and pre-donor paperwork.   
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CHAPTER 4:  RESULTS 
Stature Estimation 
 All of the methods of stature estimation for his sample are broadly similar (most 
of the comparisons based on skeletal data have p<0.05) to the findings of previous 
studies, as further discussed later, an indication that the metrics of the first metatarsal are 
an adequate predictor of the various metrics that can be used to estimate stature. Each of 
the stature estimation methods are compared to the forensic estimates. 
Trotter and Gleser (1952) method 
 The application of this method which is commonly utilized in forensic and 
archaeological contexts is a valid predictor of stature in this sample. The only utilized 
metric for this series of equations is the maximum length of the femur (MFL). This is a 
sex and ancestry specific method, which the stature of ‘White’ American males is 
2.38*MFL+61.41 and the stature of ‘White’ American females is 2.47*MFL+54.10. The 
calculated error rates for these equations from the original publication are ±3.27cm and 
±3.72cm respectively. For this sample, the average stature estimate based on these 
equations is 1.6848m and a standard deviation of 0.0730m. 
 When compared to the forensic stature of the individual, the Trotter and Gleser 
MFL equations had an average raw directional difference of 0.0062 m and a percent 
directional difference of 0.3614%. Figure 4.1 is a comparison of the of the Trotter and 
Gleser method to the forensic stature, the dashed line indicates a one-to-one relationship 
along which the Trotter and Gleser estimation would be equal to the forensic stature. This 
one-to-one or 𝑦 = 𝑥 line is present on all graphs. The relatively high correlation 
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coefficient at 0.5615 and the proximity of the 𝑦 = 𝑥 line to the regression line of the 
forensic stature indicates the accuracy of this method. There is no statistical difference 
between these two methods (p<0.05).  
 
Figure 4.1. Graphic Comparison of Trotter and Gleser (1952) Stature Estimation to 
Forensic Stature.  
 
Byers et al. (1989) Method 
 The stature estimation methods derived by Byers and colleagues (1989) utilizing 
the first metatarsal is also a valid indicator of stature. This equation utilizes the maximum 
metatarsal length (MTL) and is both sex and ancestry specific. The Euro-American 
ancestral group equation is used, as is the specific sex group depending on the sex of the 
individual. Although the authors developed equations for all five of the metatarsals, only 
the first metatarsal methods are utilized here.  
 For the application of this method, Euro-American male stature is calculated as 
768+15.2*MTL and Euro-American female stature is calculated as 656+16.3*MTL. 
These equations have a standard deviation of 63.2cm and 49.6cm respectively. When 
y = 0.5809x + 0.695
R² = 0.5615
y = x
1.4
1.5
1.6
1.7
1.8
1.9
1.4 1.5 1.6 1.7 1.8 1.9
Es
ti
m
at
e
d
 S
ta
tu
re
 f
ro
m
 T
ro
tt
e
r 
an
d
 
G
le
se
r 
(1
9
5
2
)
Forensic Stature
Stature (m)
 41 
compared to the forensic stature, this method has a higher error than the Trotter and 
Gleser (1952) method. This method has an average stature estimation of 1.7513m and a 
standard deviation of 0.0767m. Thus the raw directional difference of this method 
compared to the Bass collection forensic statue is -0.0603m, and the percent directional 
difference is -3.5399%. The correlation coefficient indicates that 44.3% of the variation 
of forensic stature can be accounted for through the equations provided by Byers et al. 
(1989) via the regression equation. These two groups have no statistical difference 
(p<0.05) indicating that the first metatarsal method is also a viable method for stature 
estimation. 
 
Figure 4.2. Graphic Comparison of Byers et al. (1989) Stature Estimation to forensic 
stature. 
 
 When compared to one another, the Byers et al. (1989) and the Trotter and Gleser 
(1952) have similar reliability in the measure of stature. These two methods have a raw 
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these stature estimation techniques are correlated with one another and that the method 
that is presented by Byers et al. (1989) consistently over estimates stature when 
compared to the Trotter and Gleser (1952) equations.  
 
Figure 4.3. Graphic Comparison of Trotter and Gleser (1952) Stature Estimation to 
Byers et al. (1989) Stature Estimation. 
 
DeGroote and Humphrey (2011) Method 
 The authors use the metrics of the first metatarsal to estimate the MFL and from 
that, apply the equations that are presented by Trotter and Gleser (1952) to estimate 
stature. Table 4.1 and Table 4.2 present the averages of the estimates, directional 
differences and the applicable standard estimates of the error when compared to forensic 
stature. Figures 4.4-4.6 present a graphical comparison of the information presented in 
Table 4.1 and Table 4.2. All of the calculations of difference in the samples are compared 
to the known/measured osteometric distances. There is no statistical difference between 
the first metatarsal estimate of the MFL and the measured MLF (p<0.05), and as expected 
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there is also no statistical difference (p<0.05) in the stature estimates utilizing both the 
measured and estimated MFL via the Trotter and Gleser (1952) equations.   
Table 4.1. Averages of the DeGroote and Humphreys (2011) MFL Estimate 
Compared to the Measured MFL. 
  DeGroote and 
Humphreys 
(2011) 
Measured 
Maximum Femoral Length Average 
(mm) 
457.4682 455.5271 
MFL Standard Deviation (mm) 23.26343 26.05179 
Raw Directional Difference 1.941039  
Percent Directional Difference 0.004261 
  
Table 4.2 Averages of the Trotter and Gleser (1952) and DeGroote and Humphreys 
(2011) Stature Estimate Compared to Forensic Stature 
 Trotter and Gleser 
(1952) 
DeGroote and 
Humphreys 
(2011) 
Forensic 
Stature 
Stature Average (m) 1.684849 1.689566 1.704218 
Stature Standard 
Deviation 
0.073025 0.066889 0.094332 
Raw Directional 
Difference 
-0.01937 -0.01465  
Percent Directional 
Difference 
-0.01137 -0.0086 
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Figure 4.4. Graphic Comparison of the DeGroote and Humphrey (2011) MFL 
Estimate to Measured MFL. 
 
 
Figure 4.5. Graphic Comparison of the DeGroote and Humphrey (2011) Stature 
Estimate to Trotter and Gleser (1952) Stature Estimate. 
 
y = 0.6457x + 163.31
R² = 0.5229
y = x
370
395
420
445
470
495
520
370 395 420 445 470 495 520Es
ti
m
at
e
d
 M
LF
 f
ro
m
 D
e
G
ro
o
te
 a
n
d
 
H
u
m
p
h
re
y 
(2
0
1
1
)
Measured MFL
Maximum Femoral Length (mm)
y = 0.7319x + 0.4565
R² = 0.6384 y = x
1.4
1.5
1.6
1.7
1.8
1.9
1.4 1.5 1.6 1.7 1.8 1.9
D
e
G
ro
o
te
 a
n
d
 H
u
m
p
h
re
y 
(2
0
1
1
) 
fr
o
m
 
M
FL
 E
st
im
at
e
Trotter and Gleser (1952) from known MFL
Stature (m)
 45 
 
Figure 4.6. Graphic Comparison of the DeGroote and Humphrey (2011) Stature 
Estimate to Forensic Stature. 
 
Body Mass Estimation 
Morphometric and Mechanical Approaches 
Following the protocol outlined by Auerbach and Ruff (2004) there is no 
statistical difference between the morphometric and mechanical methods of body mass 
estimation in this sample, Figure 4.7 (p<0.05). This echoes the original findings. The 
mechanical comparisons of Ruff et al. (1991), McHenry (1992), and Grine et al. (1995) 
found little difference in the three equations for body mass estimation utilizing the 
femoral head diameter (FHD). Figures 4.7-4.9 depict the body mass estimations from the 
various FHD equations compared to the stature and bi-iliac breath (BIB) estimation 
method using the Trotter and Gleser (1952) equations for stature as described in the 
methods of Auerbach and Ruff (2004) and Ruff et al. (1997). The directional differences, 
average body mass estimate, and standard deviation of these three methods as compared 
to the stature/BIB body mass estimation method are summarized in Table 4.3. Figure 
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4.10 is the average of the three FHD body mass estimation methods, as prescribed by 
Auerbach and Ruff (2004) to minimize directional bias of the estimates in this sample. 
There is no statistical difference between any of the FHD body mass estimates and the bi-
iliac breadth method (p<0.05). 
 
Figure 4.7. Graphic Comparison of the Ruff et al. (1991) Body Mass Estimate to BIB 
Body Mass Estimate (Auerbach and Ruff 1994). 
 
 
Figure 4.8. Graphic Comparison of the McHenry (1992) Body Mass Estimate to BIB 
Body Mass Estimate (Auerbach and Ruff 1994). 
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Figure 4.9. Graphic Comparison of the Grine et al. (1995) Body Mass Estimate to 
BIB Body Mass Estimate (Auerbach and Ruff 1994). 
 
 
 
 
 
 
Table 4.3. Average and Directional Difference of the Body Mass Estimation 
Methods as Presented by Auerbach and Ruff (1994). 
 Ruff et 
al. 
(1991) 
McHenry 
(1992) 
Grine et 
al. 
(1995) 
Average 
of FHD 
Methods 
Ruff et 
al. 
(1997) 
Average Body Mass 
Estimate 
65.56133 62.38764 67.1125 65.02049 67.75698 
Standard Deviation 7.574593 8.514678 8.624962 8.177954 7.762996 
Raw Directional Difference  -2.19565 -5.36934 -0.64448 -2.73649  
Percentage Direction 
Difference 
-3.24048 -7.9244 -0.95117 -4.03868 
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Figure 4.10. Graphic Comparison of the Average of the Body Mass Estimate from 
the FHD to BIB Body Mass Estimate (Auerbach and Ruff 1994). 
 
 Figures 4.11 and 4.12 compare each of the two body mass estimation techniques 
presented in Auerbach and Ruff (2004) to forensic body mass. Both of the correlations 
vary widely, as evidenced by both the lack of similarity between the correlation line and 
the 𝑦 = 𝑥 line and the low correlation coefficients. For the FHD method only 1.57% of 
the variation of the body mass estimate can be explained by forensic body mass, and for 
the BIB method 7.57% of the variation in the estimate can be explained by forensic body 
mass. This indicates that the comparison to forensic body mass varies wider than a 
comparison to other body mass estimates from skeletal indicators.  
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Figure 4.11. Graphic Comparison of the Average of the Body Mass Estimate from 
the FHD to Forensic Body Mass. 
 
 
Figure 4.12. Graphic Comparison of BIB Body Mass Estimate to Forensic Body 
Mass. 
First Metatarsal Approach 
 The application of the methods devised by DeGroote and Humphrey (2011) are 
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The equation with the lowest percent standard estimate of the error as presented in the 
original publication is used in each instance and then compared. The equations utilized 
from the DeGroote and Humphrey (2011) publications are summarized in Table 4.4 and 
the standard estimate of the error, correlation coefficient, and the percent standard 
estimate of the error are all reproduced from the original publication. All measurements 
are in millimeters and kilograms where applicable.  
Table 4.4. FHD, Body Mass, and MFL estimation equations as presented by 
DeGroote and Humphrey (2011). 
 Femoral Head 
Diameter 
Body Mass Femoral Length 
Equation (1.349*DPP)+(0.424*M
LD)-2.578 
(2.900*DPP)+(0.911*M
LD)-38.450 
(5.926/DPP)+(2.861*MTL)+9
0.024 
Standard 
estimate of the 
error 
1.912 4.144 19.201 
Correlation 
coefficient (r) 
0.922 0.917 0.818 
Percent  
standard 
estimate of the 
error 
4.50% 7.01% 4.58% 
 
 Figure 4.13 shows the similarity of the FHD estimates via the first metatarsal 
methods when compared to the measured FHD. There is a relatively high correlation 
coefficient, at r2=0.656. The correlation line also closely follows the 𝑦 = 𝑥 line indicating 
the first metatarsal is a reliable proxy for femoral head diameter.  
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Figure 4.13. Graphic Comparison of the Estimated FHD from the First Metatarsal 
(DeGroote and Humphrey 2011) to Measured FHD. 
 
Figure 4.14 compares the BIB method of body mass estimation (Auerbach and Ruff, 
2004) to the direct estimation of body mass via the first metatarsal methods (DeGroote 
and Humphrey, 2011). These two skeletal measures of body mass are not statistically 
different (p<0.05). When compared to forensic body mass (Figure 4.15) the first 
metatarsal method is statistically different.  
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Figure 4.14. Graphic Comparison of the Forensic Body Mass Estimate from the 
First Metatarsal (DeGroote and Humphrey 2011) to the BIB Estimate (Auerbach 
and Ruff 2004). 
 
 
Figure 4.15. Graphic Comparison of the Forensic Body Mass Estimate from the 
First Metatarsal (DeGroote and Humphrey 2011) to Forensic Body Mass. 
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Biases 
 
 The methods utilizing the metrics of the first metatarsal, outlined by DeGroote 
and Humphreys (2011), are compared to the forensic stature, body mass, and BMI 
provided by the Bass collection from pre-donor paper work. These estimates are 
compared on the basis of age, sex, and body mass index to understand possible biases of 
the method in the estimation of stature, body mass, and body mass index. Each of the 
comparative graphs have error bars indicating the standard deviation of the respective 
subset of the sample.  
Sex 
 All of the compared estimates of the biologic profile from the metrics of the first 
metatarsal and the forensic measures exhibit the expected sexual dimorphism. Both 
stature and body mass have the male population subset being larger on average than the 
female subset (Figure 4.16 and Figure 4.17). BMI has a higher female average, which is 
expected given the average higher adiposity of the female body compared to males 
(Block et al. 2013) (Figure 4.18). The standard deviations of all of the estimates of the 
first metatarsal are smaller than in the actual standard deviation, this indicates at the 
population level the first metatarsal estimates create artificial homogeneity in the 
population than is present in reality.  
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Figure 4.16. Comparison of the Difference in the Stature Estimates between the 
Sexes Based On the First Metatarsal Methods and Forensic Estimates.  
 
 
Figure 4.17 Comparison of the Difference in the Body Mass Estimates between the 
Sexes Based On the First Metatarsal Methods and Forensic Estimates. 
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Figure 4.18. Comparison of the Difference in the BMI Estimates between the Sexes 
Based On the First Metatarsal Methods and Forensic Estimates. 
 
Age 
 The variation of stature based on age is little. The stature estimates in all of the 
age categories are similar (p<0.05) in both test statistics and the standard deviation 
(Figure 4.19). The higher body masses evident in the middle age groups of the first 
metatarsal method is likely an issue with the regression equation as the forensic body 
mass averages are relatively uniform for each group (Figure 4.20). BMI has a similar 
pattern to body mass based on age, as body mass is a factor in the calculation of BMI 
(Figure 4.21). All three of the analyzed biases show a smaller standard deviation in the 
MT1 approach than in the actual population metrics, this is an effect of utilizing a 
predictive regression equation as it tends to normalize the data set.  
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Figure 4.19. Comparison of the Difference in the Stature Estimates by Age, Based 
On the First Metatarsal Methods and Forensic Estimates. 
 
    
Figure 4.20. Comparison of the Difference in the Stature Estimates by Body Mass, 
Based On the First Metatarsal Methods and Forensic Estimates.  
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Figure 4.21. Comparison of the Difference in the Stature Estimates by Body Mass 
Index, Based On the First Metatarsal Methods and Forensic Estimates. 
 
Body Mass Index 
 When grouped by forensic body mass index, the differences in the estimates are 
marked. Stature has little difference in the sample (p<0.05), although the first metatarsal 
methods systematically slightly underestimate stature when compared to the forensic 
stature (Figure 4.21). When grouped by both forensic body mass and the BMI the 
differences are stark (Figure 4.22 and 3.27). The middle BMI categories, normal weight 
and overweight, are not statistically different between the MT1 and forensic; but the 
underweight and obese categories have statistically different estimates (p<.05). For the 
underweight category, the first metatarsal methods consistently over-estimate the body 
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markedly more accurate with respect to the middle BMI categories but are not broadly 
accurate with respect to the extremes of body mass index.  
Figure 4.22. Comparison of the Difference in the Stature Estimates by Body Mass 
Index, Based On the First Metatarsal Methods and Forensic Estimates. 
 
 
Figure 4.23. Comparison of the Difference in the Body Mass Estimates by Body 
Mass Index, Based On the First Metatarsal Methods and Forensic Estimates. 
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Figure 4.24. Comparison of the Difference in the Body Mass Index Estimates by 
Body Mass Index, Based On the First Metatarsal Methods and Forensic Estimates. 
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CHAPTER 5:  DISCUSSION 
The cross validation of the methods presented in this study provide good evidence that 
estimation of some elements of the biological profile from skeletal indicators are reliable 
and have the ability to inform an understanding of the individual. The skeletal indicators 
of both stature and body mass compare well with the other skeletal indicators of the 
examined elements of the biological profile. The skeletal estimates compared to the 
forensic estimates are widely incomparable, and in all cases the two estimates are 
statistically different. The following will discuss each of the specific comparisons made 
between the skeletal indicators, and the forensic estimates. A discussion of the utilization 
of these methods to estimate BMI will also be offered.   
Stature Estimation 
Trotter and Gleser (1952) 
 Stature estimation based on the maximum femoral length is broadly accurate for 
this population with the percent directional difference between the Trotter and Gleser 
(1952) method and the forensic statue being 0.36%. Although this difference is minimal, 
are were several outliers when compared to the forensic stature estimates, this may be 
due to the differences in the regression equation, differences in the population, or secular 
change. A major source for variation is that the regression derived by Trotter and Gleser 
(1952) is based largely on enlisted and drafted men from the American military during 
the Korean War and a smaller portion of the sample coming from the Terry Collection. 
This Korean War sample is markedly skewed toward the younger adult male ages with 
1037 of the 1370 individuals being between 17-30 years old. Furthermore, the female 
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individuals in the regression sample are based solely on white individuals in the Terry 
collection, which skews the age of the female cohort in the opposite direction of the male 
cohort. This would have implications for the modern application of these methods due to 
secular change, sexual dimorphism, and stature degeneration over the life course. The age 
stratification of the subset of the Bass collection used for this study is skewed toward the 
older ages, with the mean age being 62 years old. The fact that the majority of the study 
sample is outside of the age range of the sample for which the regression was developed 
may confound the results. Although the Trotter and Gleser (1952) equations were divided 
into American White and American Black subsamples, and only the regressions for the 
American Whites are utilized in this study, the population dynamics and changes in the 
utilization of the term “White” in American context may contribute to further variation 
between this examination and the Trotter and Gleser (1952) study sample. 
Byers et al. (1989) 
 Similar to the application of Trotter and Gleser (1952), the estimation of stature 
from the length of the metatarsals is accurate in the study population, with no statistical 
difference between the two methods (p<0.05). The percent directional difference between 
the stature estimate based on the length of the first metatarsal as described by Byers and 
colleagues (1989) and the forensic stature is 3.54%. This stature error is more substantial 
than the comparison between forensic stature and the Trotter and Gleser (1952) estimates. 
In addition to small sample size, this comparison is subject to the same sources of error in 
stature estimation.  Byers et al. (1989) developed sex, and ancestry specific regression 
equations for both Euro-American males, and females. These groups consist of 57 and 51 
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individuals, respectively.  All of the individuals are from the Maxwell Museum 
collection, housed at the University of New Mexico. These small sample sizes cannot 
encompass the present extant variation and therefore provides a source of error in the 
final estimation of stature. The small sample would also likely have a different 
demographic makeup than the study population given their different geographic origin, 
most of the regression sample being from New Mexico and most of this study sample 
being from East Tennessee.  Further variation may lie in secular change, with the Bass 
collection representing all late 20th and early 21st Century individuals and the Maxwell 
Collection representing early 20th Century individuals.   
DeGroote and Humphrey (2011) 
 This method of stature estimation utilizes the Trotter and Gleser (1952) equations, 
with the estimation of the maximum femoral length (MFL) from the metrics of the first 
metatarsal. In the estimation of the length of the femur, the equation with the lowest 
percent standard estimate of the error for all individuals as published by DeGroote and 
Humphrey (2011) utilized the proximal dorsoplantar diameter (DPP) and the maximum 
length of the first metatarsal (MTL). When the estimate of the MFL from the metrics of 
the first metatarsal is compared to the measured MFL for the sample, the metrics are 
similar to one another (p<0.05). The raw directional difference between the two samples 
is 1.94mm, making the percent directional difference only 0.004%. The standard 
deviation of the estimates is slightly smaller than the standard deviation of the measured 
sample, meaning that the estimated maximum femoral length is slightly more 
concentrated around the mean. The two groups have no statistical difference from one 
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another (p<.05) as understood by a student’s t-test. This similarity is likely due to 
similarities in the allometry between the length of a femur and length of the first 
metatarsal.  
 Given that the measured and estimated maximum femoral length are similar, the 
stature estimates from this measurement are also not statically different.  There is no 
statistical difference in the two estimates of stature (p<.05) and the raw directional 
difference between the two stature estimates is 4.7mm. Although, when compared to the 
forensic stature, the differences are greater but not statistically significant (p<.05); the 
raw directional difference for the Trotter and Gleser (1952) estimate of stature is -
19.4mm and the raw directional difference of the De Groote and Humphreys (2011) is -
14.6mm. The cause of these differences between the methods that utilized skeletal 
measurements to estimation stature and the forensic stature are many fold.  
 Both of the stature equations from the metrics of the first metatarsal follow 
Trotter and Gleser (1952), and the population that the authors used was likely much more 
homogenous given that it drew heavily on the enlisted men in the Armed Forces. This 
causes the estimation equations to produce less variation in the sample than is actually 
present as it would artificially push the outliers toward a central mean. These equations 
predict less variation than is actually present.   Another source of this difference also has 
to do with population distribution differences between the study sample and the sample in 
which the regression equations are derived. The Trotter and Gleser (1952) individuals 
were likely more physically fit and appropriately nourished given their mean age and 
occupation, and would not have included many outliers. The DeGroote and Humphrey’s 
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(2011) method was based on several archaeological individuals, who would also likely 
not have been considered outliers with respect to statue. Both of the populations on which 
these regression equations are based likely did not include many outliers. As such, they 
are accurate for the middle ranges of stature, but when individuals were either much 
shorter or much taller than the regression group’s average their stature estimation became 
less accurate when compared to the forensic stature as it would be driven toward that 
group mean. This shows that the metrics of the first metatarsal are a good predictor of the 
metrics of the femur, and therefore a viable estimation method for statue.  
Body Mass Estimation 
Bi-iliac Breadth (BIB) 
 The distance from left ilium and right ilium has been used as a proxy for body 
mass in so far as understanding the body to take up a certain volume, and understanding 
the density of that volume would allow for the derivation of body mass, as outlined by 
Ruff et al. (1997). The body is conceptualized as a cylinder, and to calculate the volume 
of a cylinder the radius is needed; in the case of the human body the living bi-iliac 
breadth is calculated as a proxy for the diameter of this metaphorical cylinder. Living 
BIB is calculated from the measured skeletal BIB from the reconstructed pelvic girdle.  
 When compared to the forensic body mass the BIB method is statistically 
different (p>0.05) meaning that in this sample the body masses estimate from the BIB are 
inadequate estimates for actual body mass. This inaccuracy, similar to the inaccuracies 
seen in stature estimation, likely lies in the variable distributions of this sample compared 
to the respective regression samples. The original publication of the BIB body mass 
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estimation equations for which this study relies on, Ruff et al. 1997, examines the 
relationship of body mass to encephalization in Pleistocene Homo. As such, this study 
sample was largely paleoanthropological and living body mass was unknown, limiting 
the applicability of these equations from modern forensic contexts. The sample of the 
current study is of modern individuals in which the forensic body mass is recorded and 
used as the standard of comparison. Error would be introduced in any comparison of a 
skeletal estimate to a forensic estimate, but the variation between the two samples would 
provide a greater source of error depending to which degree this variation exists. In using 
a modern sample, this study sheds light on the issues of using a modern sample when 
applying an equation developed for archaic populations.  
 Given that this sample is comprised entirely of European-American individuals, 
from East Tennessee, there is a large variance in the weight classes represented which is 
an outcome of over- or under-nutrition. Although, over nutrition may have been possible 
in the samples used by Ruff and colleagues (1997) it would not have been present to the 
degree that is represented in this subsample of the Bass collection. Based on the 
comparison of body mass estimated from BIB to forensic body mass, there are many 
outliers that do not fall near the regression line. The BIB estimates furthest from the 
forensic body mass are concentrated in the highest body masses and the lowest body 
masses. The middle range body masses largely conform to the equations presented by 
Ruff et al. 1997, but the extremes in body mass do not. This points to the composition of 
the original study sample as a possible source of this error.  
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Femoral Head Diameter 
 The three equations discussed by Auerbach and Ruff (2004) for the estimation of 
body mass from femoral head diameter were applied to this sample population to assess 
the validity of the recommendations made with more specific applicability to this 
population. The findings in this study were broadly similar to the finding presented by 
Auerbach and Ruff (2004) in that each of the three body mass estimates from the femoral 
head were similar, with some minor variation largely depending on the distribution of 
each respective study sample.  
 Each of the three publications discussed in Auerbach and Ruff (2004) with respect 
to body mass estimation from the head of the femur, Grine et al. (1995), McHenry 
(1992), and Ruff et al. (1991), are more accurate in specific ranges of body mass due to 
the samples that each of these equations are based on. Ruff and colleges (1991) develop 
equations based on 80 modern adults from a sample of individuals in Baltimore, 
Maryland. These individuals span a body mass range of 42kg-135kg, and as such these 
equations were the most accurate with respect to the individuals in the middle range of 
the sample used for this study. The sample population of McHenry (1992) utilized many 
several smaller bodied population samples, including African pygmoid individuals, and 
when these equations are applied to the modern sub-sample of the Bass collections the 
McHenry (1992) protocol consistently underestimates body mass. Grine et al. (1995) 
discuss use the compounded group means of 10 sex-specific samples, which is broad with 
respect to the population scope but still excludes the smaller bodied individuals. These 
are the same findings as discussed by Ruff and Auerbach (2004). None of the original 
 67 
regression equations incorporate the obese BMI range, which would further confound this 
range of the estimates.  
 Based on the raw directional difference and the percent directional difference 
between each of these FHD methods and the bi-iliac breadth method (Ruff et al 1997) the 
findings from the Bass collection subsample are largely similar to one another. Each of 
these three methods of body mass estimation from the head of the femur are averaged and 
the raw directional difference and percent directional difference are lessened, thus 
making this the most accurate methods of body mass estimation from the head of the 
femur. The averaging of these three methods also broadens the accuracy of the estimates 
with respect to specific ranges within the sample population as this would then draw on 
the regressions that are based on several more variable populations than any of the 
regressions alone.  
 When the average of the femoral head diameter methods is compared to the 
forensic body mass, similar errors are seen as in the same comparison to the bi-iliac 
breadth method.  Although there is no statistical difference (p<0.05) from the comparison 
of the two skeletal indicators of body mass discussed in Auerbach and Ruff (2004) (FHD 
and BIB), when the femoral head diameter estimates of body mass are compared to the 
forensic body mass there is statistical difference (p<0.05). As discussed previously, this 
likely due to the differences in the samples that each regression equations are based on 
compared to this modern subsample of the Bass Collection. 
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DeGroote and Humphrey (2011) 
 Similar to the other estimates of body mass, this method has a high predictive 
value when compared to the other skeletal indicators of body mass but when compared to 
the forensic body mass there is limited accuracy. When the body mass estimation 
equation from the metrics of the first metatarsal with the lowest standard estimate of the 
error is used and compared to the other skeletal estimates of body mass there is no 
statistical difference (p<0.05). When the estimate is compared to the forensic body mass 
the two groups are statistically different and in the higher and lower ends of the body 
mass range the two estimates are as much as 50kg different in some cases. The cause of 
this difference between the skeletal estimate and the forensic stature is likely the same as 
the other skeletal indicators of body mass, a difference between the make-up of the 
regression sample and the sample being assessed.  
 The study population for the first metatarsal methods (DeGroote and Humphrey 
2011) was based on several archaeological individuals from several disparate geographic 
origins, heavily biased toward individuals from the United Kingdom, whereas the Bass 
collection is all modern individuals from the 20th Century and 21st Century. In the 
development of the regression, the comparative ‘known’ body mass is the FHD method, 
and as such no actual known body mass was utilized. The comparison to known body 
mass was never made in the original publication as this measure was not known for the 
regression population and as such, the ability of this method of estimate forensic body 
mass is limited.   
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Biases 
 In order to understand potential biases in the first metatarsal methods of stature, 
body mass, and BMI estimation, each of these areas were compared the forensic 
estimates for the study sample. Biases are compared with respect to sex, age, and body 
mass index. Age is divided by decade of age at death, and body mass index is grouped 
into the four commonly used categories of underweight (<18.5), normal (18.5-24.9), 
overweight (25-29.9), and obese (30+).  
Sex 
 None of the discussed areas of bias varied on sex. This indicates that that when 
the estimates are averaged they are broadly similar and that sex does not provide a 
confounder. The standard deviation for the first metatarsal methods is less than the 
standard deviation of the Bass collection sample, indicating that the estimates from the 
first metatarsal skew the estimates closer to the group average more than is actually 
present in the forensic data.  
Age 
 With respect to age, there is no broad pattern but not all of the groups that were 
assessed fell within the standard deviation of the other estimates average. For all of the 
stature estimates, there is no difference with respect to age group although in all of the 
age groups the first metatarsal methods of stature constantly underestimate the statue of 
the individual when compared to the forensic stature but these estimates are not 
statistically different from one another (p<0.05). 
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 Body mass estimates based on age at death varied differently. Individuals who 
died in their 30s, 40s, and 50s are constantly over estimated via first metatarsal methods 
while individuals in the 90s (the oldest individuals in this study sample) are 
underestimated. The over estimation of the middle age ranges is likely due to the fact that 
weight at death varies wider in these groups, as evidenced by a standard deviation as 
wide as ±60kg in these three 10 year spans. Given that the first metatarsal methods tend 
to artificially lessen the standard deviation, this over estimation is likely a statistical 
artifact based on sample composition and regression construction. The overestimation of 
the individuals in the oldest ages of the sample is also likely a statistical and sampling 
artifact. Only 11 individuals represent individuals in their 90s and all of these individuals 
were in the underweight or normal weight BMI categories, so constant over estimation of 
these individuals is likely sampling bias.  
 A similar pattern to the biases in body mass estimation is seen in body mass index 
estimation, but less drastic. This similarity is expected as body mass index is dependent 
on body mass. The same pattern of the individuals in the 30’s, 40’s and 50’s being 
underestimated and the 90’s being overestimated is presented, but none of the differences 
between the body mass index of the first metatarsal methods compared to the forensic 
BMI is statistically significant (p<0.05). This change is due to the incorporation of stature 
data into the calculation of BMI. Therefore the differences in the middle age groups were 
lessened, but the difference in the body mass of the older individuals was still 
confounded enough to where the BMI estimates differed slightly. 
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Body Mass Index 
 Similar to the division based on age, there was no statistical difference in the 
estimation of stature from the metrics of the first metatarsal when compared to the 
forensic stature when the sample is divided into the four commonly used BMI categories 
(underweight, normal, overweight, and obese) from the forensic stature and body mass. 
Although the MT1 method of stature estimation constantly underestimates stature in the 
sample, it is not statistically significant (p<0.05). 
 Both in body mass and in body mass index estimation the methods from the first 
metatarsal overestimate the individuals in the underweight BMI group and underestimate 
those individuals in the obese BMI group, while both of the middle groups have less 
absolute difference in the normal or overweight BMI groups. Similar to the confounding 
factors previously discussed, this underestimation and overestimation is likely due to the 
application of the regression developed for the MT1 methods. The applied regression, 
developed on an archaeological sample, would drive the estimates toward a central 
average estimate due to the fact that this study sample incorporates more variation than 
likely is present in the regression sample on which these estimation equations are based.  
Application 
 When all of the first metatarsal methods presented by DeGroote and Humphrey 
(2011) are compared to other skeletal indicators of stature and body mass, most of the 
estimates are not statistically different but when compared to the forensic estimates of 
body mass and stature, the differences are marked. The crux of this dissimilarity likely 
lies in the difference between the regression samples compared to the measurements of 
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the subsample of the Bass collection. All of the regression equations are developed on 
pre-modern archaeological skeletal samples. 
 The application of these methods to modern samples should be limited, especially 
concerning body mass. Many modern samples, including this study population, have 
much higher body mass variance than would be seen in the populations on which the 
regressions are based. With respect to the body mass equations, the application to 
archaeological and paleoanthropological populations would be more appropriate as the 
expected variance is much less and the application to modern forensic settings should be 
limited. Stature estimation is much more robust in nature, as the possible variance is less, 
and as such this is a reliable estimation method for both forensic and archaeological 
settings.  
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CHAPTER 6:  CONCLUSION 
Body mass is already an element of the biologic profile for forensic disciplines 
outside of forensic anthropology, such as police agencies or the medical examiner’s 
office. The development of estimation methods for body mass index in forensic cases that 
call for anthropological expertise will only enhance the practice of the field. Any accurate 
method of body mass index estimation for skeletal remains has the ability make the 
broader practice of forensic anthropology more widely applicable. Although the 
application of body mass index has myriad benefits to any osteological investigation, 
there are inherent limitations to the assessment of BMI. The first of which being that BMI 
does not pay reverence to the tissue composition of the individual, that is to say that is an 
individual who has a high percentage of adipose tissue can weigh the same as a highly 
muscular individual and may still have similar BMIs. Body mass index only allows for a 
general understanding of the ratio of mass to stature and not necessarily body type.  
This study attempts to shed light on the ability of the first metatarsal to estimate 
stature, body mass, and body mass index, especially when compared to more commonly 
accepted methods of estimation of these aspects of the biological profile. The findings of 
this study indicate that the techniques involving the first metatarsal are similar to the 
other skeletal methods of estimation of these elements of the biological profile and may 
show the conservative nature of bone growth. But, when compared to the forensic stature, 
body mass, and BMI, the accuracy of the method is markedly inaccurate. Most of this 
variance is due to the difference between the makeup of the samples that the regressions 
are based compared to the modern forensic sample used in this study. As such, the 
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findings of this examination indicate that the methods utilizing the first metatarsal are 
applicable to archaeological or pre-modern human skeletal samples while less accurate 
when applied to forensic assemblages. 
 When compared to the forensic body mass, and BMI the central values of the 
estimates of the population distribution have a smaller absolute difference than do the 
estimates that are on the upper and lower extremes of the distribution. As there is no way 
of knowing if a forensic assemblage belongs to one of these extremes, the forensic 
application of this method should be limited. Conversely, given that an archaeological 
assemblage would likely have much less variation in body mass when compared to most 
industrialized modern Western populations, the application of these methods could be 
justifiably applied to archaeological assemblages.  
While the incorporation of an understanding of body mass from skeletal 
indicators has been discussed in anthropological applications, the discussion of modern 
applications is limited and needs to be further investigated. Although there is a limited 
applicability to forensic contexts, there are implications for an understanding of bony 
remodeling in response to the weight forces that the locomotor skeletal undergoes. There 
is also possible application to orthopedic medical understanding of the implications of 
this bony remodeling due to weight of the individual. Research into the mechanisms that 
trigger bony remodeling, especially as it relates to locomotion, is needed. Furthermore 
research into the timing of bony response to mechanical stressors and what periods of the 
life course make the individual more susceptible to this remodeling is needed.  
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With respect to the validity of this method, further research is needed in the form 
of application to other populations to more widely inform the understanding of the 
relationship between the first metatarsal and the elements of the biological profile. Body 
mass estimation for human skeletal elements has yet to be elevated to the level needed for 
the anthropological biological profile, and as such further investigation is needed on the 
relationship between body mass and human osteometrics. 
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APPENDIX A: DATA RECORDING SHEET 
 Specimen 
Number 
     
 Sex      
 Ethnic Group      
Measurement 
Definition 
Abbreviation Measurements 
(mm) 
    
Maximum 
Length of Femur 
 
MFL  
 
    
Bi-condylar 
Femoral Length 
BFL      
AP Diameter of 
the Femoral 
Head 
FHD      
Bi-iliac Breadth 
 
BIB      
Metatarsal 
Length 
 
MTL      
Proximal 
Dorsoplantar 
Diameter 
DPP      
Proximal 
Mediolateral 
Diameter 
MLP      
Midshaft 
Dorsoplantar 
Diameter 
DPM      
Midshaft 
Mediolateral 
Diameter 
MLM      
Distal 
Dorsoplantar 
Diameter 
 
DPD      
Distal 
Mediolateral 
Diameter 
 
MLD      
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